We have isolated a partial-length cDNA for bovine thrombomodulin from a Agtll bovine adrenal capillary endothelial cell expression library. This was accomplished by immunoscreening with rabbit anti-thrombomodulin IgG heteroantibody and then rescreening with the initial positive recombinant insert. The cDNA obtained was authenticated by showing that it coded for the primary structure of two separate regions of bovine thrombomodulin. The nucleotide sequence of the largest cDNA allowed us to establish the structure of about 80% of the mature thrombomodulin transcript, which encodes the C-terminal half of the polypeptide. This membrane component is structurally similar to coated-pit receptors and is organized into domains that resemble those of the low density lipoprotein receptor.
Thrombomodulin is a specific endothelial cell receptor that forms a 1:1 stoichiometric complex with thrombin (1). This complex is responsible for the conversion of protein C to activated protein C (protein Ca). Once evolved, protein Ca scissions the activated cofactors of the coagulation mechanism, factor Va and factor VIIIa, and thereby dramatically reduces the amount of thrombin generated (1) . Thrombomodulin has been isolated in a homogeneous state from the lungs and placenta of rabbits, cows, and humans (1) (2) (3) . Immunohistochemical examination of tissue sections reveal that this membrane protein is restricted to the luminal surface of blood vessels, and detailed investigations of cultured cells show that endothelial cells are unique in synthesizing this component (4, 5) . However, essentially nothing is known about the molecular structure of this endothelial cell receptor except that it possesses large numbers of proline residues (1) . In this communication, we report the cloning and sequencing of a cDNA coding for the C-terminal half of bovine thrombomodulin. The nucleotide sequence allows us to provide a partial picture of the overall structure of this receptor and to surmise how the protein might be oriented across the endothelial cell membrane. Furthermore, the deduced amino acid sequence ofthrombomodulin reveals that this membrane component is structurally similar to coated-pit receptors and is organized into domains that resemble those of the low density lipoprotein (LDL) receptor.
EXPERIMENTAL PROCEDURES
Purification of Bovine Thrombomodulin. The endothelial cell receptor was purified from bovine calf lungs by diisopropylphosphorylthrombin-Sepharose affinity chromatography according to the method of Esmon et al. (1) , with minor modifications. The amidolytic activity of purified thrombomodulin was determined as described (6) .
Preparation of Antisera. Two male New Zealand White rabbits were each inoculated by subcutaneous injection with 30 /xg of thrombomodulin in complete Freund's adjuvant and given two booster injections at 3-week intervals with 30 ;kg of thrombomodulin in incomplete Freund's adjuvant. The antisera were screened with an enzyme-linked immunosorbant assay (ELISA) for thrombomodulin and also were shown to inhibit >95% of the biologic activity of the endothelial cell receptor. IgG antibodies were isolated on protein A-Sepharose (7) and further purified on a column of Bio-Rad Affi-Gel 15 to which thrombomodulin had been coupled according to the manufacturer's instructions, using 2 mg of thrombomodulin per 2 ml of matrix. The IgG fraction was filtered through the affinity column, and specific antibodies were eluted with 0.2 M glycine/HCl ( (8) . Supernatant solutions from growth-positive wells were screened against thrombomodulin by ELISA, antithrombomodulin-secreting hybridomas were cloned in agarose (8) , and ascites fluid was produced in mice.
Construction of the Xgtll cDNA Library. Primary bovine adrenal capillary endothelial (BACE) cells were isolated from bovine adrenal glands, grown in tissue culture (10) , and shown to possess high levels of thrombomodulin activity (data not shown). Polyadenylylated RNA was extracted from these cells (9) , and a cDNA library was constructed according to the method of Ginsberg et al. (11) . The average length of 10 randomly selected cDNA clones ranged from 1 to 3 kilobases (kb).
Computer Analysis. Computer analyses of sequence data were performed using the program IALIGN (National Biomedical Research Foundation, Washington, DC) as modified by W. Gilbert at the Whitaker College Computer Facility of the Massachusetts Institute of Technology.
RESULTS
Isolation of Bovine Thrombomodulin and Production of Specific Antisera. Bovine thrombomodulin was isolated from calf lungs as outlined in Experimental Procedures. The final product was homogeneous as judged by NaDodSO4/PAGE in the presence of 2-mercaptoethanol, with an apparent molecular weight of 100,000 (Fig. 1, lane 1) . Rabbit affinitypurified heterologous anti-thrombomodulin antibodies and mouse monoclonal anti-thrombomodulin antibodies were used for immunoblot analyses of thrombomodulin preparations. The antibodies identified a single band (Fig. 1, lanes 2 Abbreviations: BACE cell, bovine adrenal capillary endothelial cell; EGF, epidermal growth factor; LDL, low density lipoprotein; bp, base pair(s); kb, kilobase(s).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with (14) . Cell lysates were examined by NaDodSO4/PAGE and immunoblot analysis. It is apparent that the synthesis of ,l-galactosidase and the fusion protein are dependent on the presence of isopropyl ,-D-thiogalactoside (Fig. 2, lanes 1-4) .
The apparent molecular weight of the fusion protein is about 15,000 higher than that of l-galactosidase, which corresponds to an insert of about 380 base pairs (bp). Immunoblotting of cell lysates with affinity-purified anti-thrombomodulin heteroantibody showed that antigenic determinants of the endothelial cell receptor were present within the fusion protein. The major radiolabeled species emerged as a sharp peak centered at 0.35 M NaCl. NaDodSO4/PAGE and immunoblot analysis with the affinity-purified IgG heteroantibody as well as the monoclonal antibody I-4 showed that the radiolabeled thrombomodulin fragment exhibits a molecular weight of about 45,000 and retains the Xgtll-TM1 epitope (Fig. 1, lanes 4-7) . Prior to and immediately after treatment with trifluoromethanesulfonic acid (16), the fragment was characterized by HPLC on a TSK G3000 column, where it migrated as a sharp peak with an apparent molecular weight of 45,000 and 19,000, respectively. The labeled thrombomodulin fragment was analyzed by vapor-phase amino acid sequencing according to the method of Hewick et al. (17) , using an Applied Biosystems 470A sequenator. The derivatized residues were also collected for scintillation counting of radiolabeled cysteine moieties. Structural studies, carried out on three separate occasions, established the presence of a major sequence and a minor sequence that matched almost perfectly with two regions encoded by the Xgtll-TM1 insert (see boxed regions in Fig. 3 ). The only observed difference was the replacement of an asparagine residue at position 547 in the deduced sequence with an aspartic acid residue in the protein sequence. This alteration may have been caused by treatment of thrombomodulin with formic acid during cleavage with CNBr.
Nucleotide Sequence of a Large cDNA That Encodes a Major Segment of Thrombomodulin. The Xgtll-TM1 insert was labeled by nick-translation and then used to screen 106 recombinants by the plaque-hybridization technique (18) . Positive phage were detected with a frequency of 0.001%. 1 The 10 recombinant clones were plaque-purified and grown in large scale, DNA was isolated and digested with EcoRI to obtain inserts, and the various fragments were examined by electrophoresis in 1.0% agarose. Nine of the phage DNA inserts each contained three classes of fragments with sizes of 1.3-1.6 kb, 0.6-0.75 kb, and 0.2 kb, respectively. The tenth phage possessed an insert with a single fragment of -0.8 kb. Xgtll-TM2, the phage with the greatest total length of insert, was further characterized by subcloning each of its three classes of fragments into M13 mp8 and mp9 and determining 5'-as well as 3'-terminal sequences of each species. The data revealed that only the 5' end of the 1.6-kb fragment and the 3' end of the 0.7-kb fragment possessed synthetic linker sequence. Correspondence of the 1.6-kb and 0.7-kb insert fragments of Xgtll-TM2 to the large and intermediate-size insert fragments of the other eight phage clones was verified by Southern blot analyses with probes constructed from the M13 clones of Xgtll-TM2. Thus, the three fragments isolated from Xgtll-TM2 originate from a single insert, as judged by their occurrence in nine independent recombinant phage and the presence of synthetic linker sequences on the appropriate ends of the fragments. Subsequent examination of the tenth phage, with a solitary insert fragment, demonstrated that this species was contained within the primary structure of Xgtll-TM2. The nucleotide sequence of Xgtll-TM2 is provided in Fig. 3 . This sequence was confirmed by determining the sequence of two independent recombinant clones with inserts of similar size. The orientation of the 214-bp internal EcoRI fragment of the cDNA was elucidated by Southern blot analyses of the 3 . Partial nucleotide sequence of thrombomodulin cDNA. The structure is divided into three EcoRI fragments of Xgtll-TM2 obtained from the first library (designated by arrowheads at the cut sites) and the 5' sequence generated from the second library. The EcoRI fragments were further cleaved into a total of 40 fragments by digestion with Hae III, Sau3AI, and Alu I, cloned into phage vectors M13 mp8 and mp9, and sequenced by the dideoxy method (15) . Sequence was verified by sequencing two additional independent clones, using four primers (17) (18) nucleotides long) synthesized to match segments of the original sequence of Xgtll-TM2. Proc. Natl. Acad. Sci. USA 83 (1986) Proc. Natl. Acad. Sci. USA 83 (1986) 8837 products of a Pvu II digestion of Xgtll-TM2, using a labeled probe derived from the 0.75-kb EcoRI fragment.
In an attempt to determine the rest of the 5' sequence of thrombomodulin message, a second Xgtll BACE cell cDNA library was constructed, with 1.25 x 107 independent recombinant phage, and screened with a 160-bp probe obtained from the 5' end of Xgtll-TM2. Positive phage were now detected at a frequency of about 0.00015%. Determination of the structure of the appropriate insert fragments contributed an additional 309 bp of 5'-end sequence (Fig. 3) .
The extent to which the largest cDNA clone spans the length of the thrombomodulin transcript was established by carrying out RNA blot analysis (9) of poly(A)+ RNA from BACE cells, using the 1.6-kb insert fragment of Xgtll-TM2 as probe. The results revealed a single predominant RNA species, of about 3.6 kb. These data suggest that the sequence of about 2.8 kb of the estimated 3.6 kb of the mature message has been delineated. The cDNA sequence has a stop codon at position 1069, which indicates that only about 1 kb of the DNA fragment represents the coding region of thrombomodulin, whereas 1.8 kb of the DNA constitutes a 3' untranslated domain. Thus, about 0.8 kb of sequence, which encodes the N-terminal region as well as any potential leader sequence and 5' untranslated domain, appears to be absent.
Examination of our sequence data reveals an extremely hydrophobic domain of 24 residues encoded by nucleotides 889-960 (Fig. 3) . Hydropathy plots, obtained by a modification (19) of the method of Kyte and Doolittle (20) substantiate the hydrophobic nature of this region. Therefore, this segment probably represents a transmembrane domain, a feature frequently observed in membrane receptors (21) . This notion is reinforced by the occurrence of three positively charged residues (encoded by nucleotides 961-969), which frequently mark the cytoplasmic boundary of the transmembrane region of membrane proteins (21) . The orientation of thrombomodulin is suggested by the binding of the monoclonal antibody 1-4 to an epitope present on the external surface ofendothelial cells (data not shown). This observation implies that the segment of the endothelial cell receptor encoded by nucleotides 1-888 constitutes a portion of the extracellular domain of thrombomodulin, provided no additional transmembrane regions exist. By exclusion, the C-terminal region encoded at 961-1068 probably represents a short cytoplasmic tail of the endothelial cell receptor. The extracellular domain exhibits a distal segment, encoded at 61-759, of six repeated blocks of 32-36 amino acids each containing 6 cysteine residues (Fig.  3) . The IALIGN program, utilizing the mutation data matrix of Dayhoff et al. (22) , locates the above blocks and classifies them as similar to epidermal growth factor (EGF)-precursor type B repeats (terminology of Doolittle et al.) (23) . The extracellular domain also possesses a proximal segment of 56 amino acids (nucleotides 721-888) with 10 serine or threonine residues as well as a high density (11/56) of proline residues.
DISCUSSION
We have isolated homogeneous preparations of bovine thrombomodulin from calf lungs. The endothelial cell receptor consists of a single polypeptide chain, which exhibits an apparent molecular weight of about 100,000 as judged by NaDodSO4/PAGE with reducing agents added. This estimate is slightly higher than that obtained by other investigators for bovine thrombomodulin (2) but is similar to that reported for rabbit and human thrombomodulin (1, 3) . The rabbit and human forms of the protein appear to be highly glycosylated, since the molecular weight of the polypeptide chain of the two endothelial cell receptors is about 75,000 as calculated from the amino acid analyses (1, 3) . Similar estimates have been obtained for the bovine endothelial cell receptor -(data not shown). We used the purified bovine thrombomodulin to generate affinity-purified rabbit heteroantibody and mouse monoclonal antibodies. The rabbit antibody was used to screen a Xgtll BACE cell cDNA expression library, and we isolated a recombinant clone (Xgtll-TM1) that encoded a fusion protein with epitope-s recognized by both types of immunologic probes. The majority of the monoclonal antibodies directed against thrombomodulin bind to the same domain of the endothelial cell receptor. Thus, it would appear that this segment constitutes an immunodominant region.
The overall strategy employed to authenticate Xgtll-TM1 was based upon the observation that the recombinant insert coded for a portion of the endothelial cell receptor that contained large numbers of cysteine residues and interacted with our immunologic probes. Therefore, we isolated a CNBr fragment of thrombomodulin that exhibited both of these characteristics, and we determined a portion of the primary structure of this fragment. Structural studies of the Nterminal region of this polypeptide revealed a major and a minor sequence that corresponded to two separate domains encoded by the recombinant insert. The major sequence lies at some distance from a methionine residue and must have been generated by proteolysis prior to the addition of CNBr, whereas the minor sequence starts immediately after a methionine residue. Given that the major sequence has been observed with several different preparations ofthrombomodulin, we suspect that removal of protease inhibitors prior to reduction and alkylation of the protein may have allowed trace amounts of a contaminating, chymotrypsin-like enzyme to cleave the endothelial cell receptor before admixture of cyanogen bromide.
The Xgtll-TM1 insert was used to rescreen our Xgtll BACE cell cDNA library, and recombinant clones with inserts of about 2.6 kb were obtained at a frequency of about 0.001%. Probes were then prepared from the 5' end of these inserts and used to screen a second, larger Xgtll BACE cell cDNA library, and recombinant clones with an additional 0.3 kb of sequence were identified, but at a frequency of only about 0.00015%. The nucleotide sequence of these recombinant clones showed that we had delineated the structure of about 1.0 kb of the coding region of thrombomodulin message, as well as 1.8 kb of the 3' untranslated domain. We estimate that about 0.8 kb of sequence, which must encode the N-terminal region of thrombomodulin as well as any potential leader sequence and 5' untranslated domain, is absent from our data. This estimate is in reasonable accord with the approximate molecular size of the protein and suggests that the length of 5' untranslated domain is small. It appears likely that either the relative scarcity or the secondary structure of the transcript makes it difficult to isolate a cDNA that encodes this region of thrombomodulin.
The data provide an overall picture of the C-terminal half of bovine thrombomodulin and reveal that it is extraordinarily similar to the LDL receptor. Both thrombomodulin and the LDL receptor exhibit short cytoplasmic tails (39 or 50 amino acid residues, respectively), with a cysteine residue located in the center of this region. However, the C terminus of the above domain of the LDL receptor is negatively charged, whereas that of thrombomodulin is neutral. Other coated-pit receptors, such as the insulin receptor or the EGF receptor, have very large cytoplasmic regions with a complex tyrosine kinase segment as well as multiple sites for phosphorylation. Both thrombomodulin and the LDL receptor possess a transmembrane region of about 24 amino acid residues and an immediately adjacent, extracellular, serine/ threonine-rich region of about 60 residues. The domain of the LDL receptor has 18 serine/threonine moieties, which bear 0-linked sugar chains; in thrombomodulin, the domain has 10 serine/threonine residues. Cleavage of the thrombomodulin CNBr fragment with trifluoromethanesulfonic acid suggests that this region or the two potential sites of the N-linked glycosylation possess carbohydrate chains. Both thrombomodulin and the LDL receptor contain a more distal area of cysteine-rich repeats, termed type B, which are similar to those first noted in the EGF precursor (23) . However, the cysteine-rich domain of the LDL receptor is comprised of two type B repeats with an associated 270 amino acid spacer coupled to a third single type B repeat, which appears to have been removed en bloc from EGF precursor or a common precursor (24) , whereas this region of thrombomodulin is constructed of six type B repeats with no spacer segment. The N-terminal half of the LDL receptor contains the ligand-binding region of the receptor, which is constructed from multiple cysteine-rich repeats similar to those of complement factor C9 (24) . The structure of this region of thrombomodulin is not known. However, from the amino acid analysis ofbovine thrombomodulin (data not shown), we conclude that the N-terminal half ofthe protein is particularly rich in lysine, methionine, and phenylalanine residues but possesses few, if any, cysteine groups. Thus, the structure of this domain of thrombomodulin is likely to be quite different from the similarly placed region of the LDL receptor. We suspect that protein C and/or thrombin may bind to this domain of the endothelial cell receptor.
The structural similarity of thrombomodulin and the LDL receptor may be of great importance with respect to the possible function of the endothelial cell receptor. The LDL receptor is one of the best-studied membrane receptors involved in the endocytosis and internalization of a specific ligand required for cell growth (24) . However, there have been conflicting claims about the endocytosis of thrombin by the endothelial cell receptor. Maruyama and Majerus (25) have reported that both thrombin and its receptor, thrombomodulin, are internalized by various cultured cells and that the receptor is then recycled back to the surface.
Evidence against the endocytosis of thrombin and thrombomodulin has been provided by Esmon and Owen (5), whose studies utilized both a Langendorff heart-perfusion system and cultured endothelial cells. The strong resemblance between thrombomodulin and the LDL receptor with regard to those regions thought to be crucial for receptor-mediated endocytosis supports the idea that the endothelial cell receptor may be involved in the internalization of thrombin. However, it is possible that a specific set ofmolecular events, other than the presence of thrombin, regulates the endocytosis of thrombomodulin and its ligands. We also note that the internalization and degradation of thrombin by an endothelial cell receptor-dependent mechanism could play a role in the growth of endothelial cells, since peptides derived from the enzyme are quite mitogenic (26) . The eventual availability of a full-length cDNA for thrombomodulin should allow many of these intriguing issues to be examined. R.W.J. and D.L.13. should be considered as equal first authors. We thank Bruce Zetter for the generous donation of BACE cells used to make the cDNA libraries and Marie-Joseph Rabiet for help in gas-phase polypeptide sequencing. Technical assistance was provided by V. Braman in producing the monoclonal antibodies and by G.
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